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Objectives: The present study aimed at investigating changes in waking electroencephalography 
(EEG), most specifically regarding spectral power and functional connectivity, in middle-aged and 
older adults with OSA. We also explored whether changes in spectral power or functional 
connectivity are associated with polysomnographic characteristics and/or neuropsychological 
performance. 
Methods: 19 OSA subjects (apnea-hypopnea index ≥ 20, age: 63.6 ± 6.4) and 22 controls (apnea-
hypopnea index ≤ 10, age: 63.6 ± 6.7) underwent a full night of in-laboratory polysomnography 
followed by a waking EEG and a neuropsychological assessment. Waking EEG spectral power 
and imaginary coherence were compared between groups for all EEG frequency bands and scalp 
regions. Correlation analyses were performed between selected waking EEG variables, 
polysomnographic parameters and neuropsychological performance. 
Results: No group difference was observed for EEG spectral power for any frequency band. 
Regarding the imaginary coherence, when compared to controls, OSA subjects showed decreased 
EEG connectivity between frontal and temporal regions in theta and alpha bands as well as 
increased connectivity between frontal and parietal regions in delta and beta 1 bands. In the OSA 
group, these changes in connectivity correlated with lower sleep efficiency, lower total sleep time 
and higher apnea-hypopnea index. No relationship was found with neuropsychological 
performance. 
Conclusions: Contrary to spectral power, imaginary coherence was sensitive enough to detect 
changes in brain function in middle-aged and older subjects with OSA when compared to controls. 





Keywords: Sleep-related breathing disorder; quantitative electroencephalography; wakefulness; 
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Statement of significance: This research offers new insight about how using EEG functional 
connectivity could be a sensitive tool to detect effects of OSA on brain function. Using the 
imaginary part of the coherency with a nonparametric design, we evaluated functional interactions 
between different brain regions, and we detected subtle changes in brain function in middle-aged 
and older adults with OSA. Increases as well as decreases in functional brain connectivity were 
found in OSA and they were associated with a poorer sleep quality on the polysomnography. In 
contrast to previous studies having found a general slowing of the EEG in OSA, no changes were 
found using EEG spectral power in this study, suggesting that functional connectivity is more 





Obstructive sleep apnea (OSA) can affect up to 50% of adults after the age of 65 [1]. In 
OSA, repetitive arousals and intermittent hypoxemia associated with apneas and hypopneas can 
have deleterious effects on brain health [2]. Systematic reviews and meta-analyses showed that 
OSA impacts attention and vigilance, episodic memory, executive functions, information 
processing speed, as well as visuospatial and constructional abilities [3-6]. Whether these cognitive 
dysfunctions could lead to abnormal cognitive aging and dementia is still the focus of important 
research efforts, but one meta-analysis reported that untreated OSA is associated with a 26% 
increase in the risk of developing cognitive decline or dementia [7]. It is therefore important to 
verify whether middle-aged and older adults with untreated OSA present subtle abnormalities in 
their cerebral functioning and whether these changes are associated with cognitive dysfunctions 
and/or with their sleep disruption. 
Several methods exist to assess early changes in brain function with normal versus 
abnormal cognitive aging. Among them, studies that have used quantitative waking 
electroencephalography (EEG) showed that this approach is able to predict an abnormal cognitive 
decline in older adults (without considering the presence of OSA) [8]. For example, in one study 
performed in older adults with self-reported cognitive decline, increased theta power, slowing of 
the mean EEG frequency and increased intra-hemispheric EEG covariance were observed among 
central and posterior regions at the baseline in participants who presented an objective cognitive 
decline at a 7-9 years follow-up [9]. Other studies showed that mild cognitive impairment is 
associated with a loss of complexity in the EEG signal where the signal tends to be more regular 
(less complex) than for age-matched control groups [10]. In Alzheimer’s disease, the same portrait 
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of EEG slowing and loss of complexity was reported, but to a greater extent (see Dauwels et al., 
2010 for a review [10]).  
Whether young, middle-aged and older adults with OSA (without considering the cognitive 
decline) have changes in their waking EEG spectral power is less clear, as only a few studies have 
assessed EEG spectral analysis during wakeful rest in adults presenting OSA. A recent systematic 
review included seven studies performed in adults with OSA and showed they present a general 
slowing of the EEG during wakefulness and this slowing was related to markers of OSA severity 
(i.e., apnea-hypopnea index [AHI], oxygen desaturation and sleep fragmentation) and vigilance 
failure [11]. 
Another way to investigate brain function through waking EEG is the measurement of EEG 
functional connectivity (FC) described by the temporal correlation between the electrical activity 
of different brain regions, allowing the evaluation of the degree to which these regions interact for 
functional purposes [12]. In older adults with self-reported cognitive decline, FC globally 
decreases in the alpha and beta frequency bands (when pooling data from all electrodes to obtain 
a single connectivity value per frequency band) [13]. Similar but more extensive FC anomalies 
were found in mild cognitive impairment and Alzheimer’s disease [14]. Globally, decreased FC 
was reported for alpha and beta frequency bands and, less frequently, in the theta band in adults 
with an abnormal cognitive decline, whereas both increase and decrease in FC were found in the 
delta band. While FC decreases have been interpreted as a consequence of the gray and white 
matter alterations that occur with neurodegeneration [15], increased FC has been interpreted as 
functional compensation preceding the decline of cognitive abilities when some subtle alterations 
to the white and/or gray matter begin to appear [16,17]. EEG FC could therefore be a promising 
avenue for early detection of abnormal brain function among late middle-aged and older adults 
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with OSA. Yet, no study has investigated waking EEG FC in the OSA population. Interestingly, 
however, one study using an EEG graph-theory approach on eight participants showed that total 
sleep deprivation alters brain FC in a topographically specific way, with the prefrontal cortex being 
more affected by sleep deprivation, particularly for the alpha and theta frequency bands [18]. 
In the present study, we investigated whether adults aged 55-85 years old with OSA present 
changes in quantitative waking EEG (spectral power and FC) when compared to healthy controls. 
We further verified whether anomalies in spectral power and FC were related to sleep 
quality/quantity and neuropsychological deficits. Our hypotheses were that global EEG slowing 
and changes in FC typically found in older adults at risk of cognitive decline (i.e. those with self-
reported cognitive decline and mild cognitive impairments) are more likely to be observed in 
middle-aged and older adults with OSA than in those without OSA. Moreover, because of the sleep 
disruption associated with OSA, we hypothesized that the frontal regions could be particularly 
affected. 
 
2. Material and methods 
2.1 Subjects 
OSA subjects were either recruited from a hospital-based sleep apnea clinic before the beginning 
of their treatment or by newspapers ads. Control subjects were recruited through newspapers ads. 
Subjects initially enrolled as controls were switched to the OSA group when OSA was detected in 
polysomnography (PSG). Exclusion criteria were: dementia, neurological disorders (e.g. history 
of epilepsy, head injury, stroke), psychiatric conditions, non-controlled hypertension, non-
controlled diabetes, sleep disorders other than OSA, body mass index > 40, use of medications 
altering vigilance or sleep (antidepressants, benzodiazepines, psychostimulants, hypnotics) and 
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non-usual short total sleep time during the PSG recording (< 4 h while having reported an usual 
total sleep time > 6 h on the Pittsburgh Sleep Quality Index). The research protocol was approved 
by the Ethics’ Committee of the Centre integré universitaire de santé et de services sociaux du 
Nord de l’île-de-Montréal. Each participant gave written informed consent before starting the 
study according to the declaration of Helsinki. 
 
2.2 Data Acquisition 
Part of the protocol was previously described in details [19,20]. Briefly, all subjects were evaluated 
with one night of in-laboratory PSG to document OSA. Upon their arrival at the laboratory, the 
subjects filled out the Epworth Sleepiness Scale [21], the Pittsburgh Sleep Quality Index [22], the 
Beck Anxiety Inventory [23] and the Beck Depression Inventory (second edition) [24]. The PSG 
included 17 scalp electrodes (F3, F4, F7, F8, Fz, C3, C4, Cz, T3, T4, T5, T6, P3, P4, Pz, O1 and 
O2) referenced to mastoids, electrooculogram, chin and anterior tibialis electromyogram, nasal 
and oral cannulas, a transcutaneous oximetry installed on a finger and thoracic and abdominal 
strain gauges. PSG recording began between 21:28 and 23:35 and ended between 6:00 and 8:07 
the next morning, depending on each participant’s regular sleep schedule (documented with the 
Pittsburgh Sleep Quality Index). Sleep stages were identified according to the American Academy 
of Sleep Medicine criteria [25]. Apneas were defined as an airflow reduction of ≥ 90% lasting > 
10 s. Hypopneas were defined as an airflow reduction of ≥ 30% lasting > 10 s accompanied by 
either an oxygen desaturation of ≥ 3% or arousal, as recommended in 2012 [25]. Subjects with an 
AHI ≥ 20 were included in the OSA group while subjects with an AHI ≤ 10 were included in the 
control group; patients with AHI > 10 and < 20 were not included in the present study. These cut-
offs were used to ensure the maximum difference between the control and the OSA groups while 
maximizing the number of subjects in each group. We recorded ten minutes of waking EEG with 
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eyes closed 30 minutes after the last morning awakening, while subjects were asked to sit, relax, 
minimize movements and try not to fall asleep. To ensure that the subjects would not fall asleep 
during this procedure, we asked them to open their eyes periodically during the recording.  
 The morning after the PSG recording, all subjects underwent a comprehensive 
neuropsychological assessment. We selected tests that involved executive functions, verbal 
fluency and episodic memory as they are the cognitive domains most sensitive to Alzheimer’s 
disease. The Montreal Cognitive Assessment [26], the Verbal Fluency Test (semantic and 
phonemic conditions) [27], the Wechsler Adult Intelligence Scale - Fourth Edition (the digit span 
subsection to measure the memory span) [28], the Rey-Osterrieth Complex Figure [29], the Color-
Word Interference Test from the Delis-Kaplan Executive Function Scale (conditions 1 to 4) [30] 
and the Trail Making Test (parts A and B) [31] were used.  
2.3 Data Analysis – EEG Spectral Analysis 
We selected 4-s EEG epochs without artefact for a minimum of 100 s per subject. EEG epochs 
were then imported in the Brainstorm software [32]. We applied the Signal-Space Projection 
correction to the cardiac artefacts (standard correction available in Brainstorm). EEG power 
spectra were determined for each epoch using Fast Fourier Transform at a resolution of 0.25 Hz 
with Hanning taper and a 75% window overlap ratio, as performed in previous studies [33]. Five 
frequency bands were analyzed: delta (0.5–3.75 Hz), theta (4.00–7.75 Hz), alpha (8.00–12.75 Hz), 
beta 1 (13.00–21.75 Hz) and beta 2 (22.00-31.75 Hz). We applied a logarithmic correction to 
normalize the spectral power values and replaced the values from channels with muscular artefacts 
with estimated values using the Fisher-Yates procedure with 200 iterations for convergence [34]. 
The replacement was completed with 15.7% missing data for OSA subjects, which slightly exceeds 
the proposed limit of 10% for better results integrity. It was however necessary to complete this 
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procedure; otherwise multiple participants with EEG artefacts would have had to be excluded to 
ensure results integrity, and this would have altered statistical power and reliability. We then 
calculated the mean absolute spectral power (voltage) and relative spectral power (percentage of 
absolute power in a given frequency band when compared to the whole spectrum) for each 
frequency band, as previously described [35]. For both the absolute and the relative powers, we 
further averaged the power values to obtain a single mean value per region: frontal (F3, F4, F7, 
and F8), central (C3, C4), parietal (P3, P4), temporal (T3, T4, T5, and T6) and occipital (O1, O2). 
A ratio of slow (delta + theta) to fast (alpha + beta 1 + beta 2) frequencies was calculated to evaluate 
cortical slowing [19,33]. 
2.4 Data Analysis – EEG Functional Connectivity  
EEG functional connectivity addresses the signal coupling between pairs of electrodes. Here, the 
coupling is defined as the quadratic coupling between amplitudes of oscillatory modes for any but 
stable delay across trials, i.e. the phase difference in the Fourier domain. The coherency in 
frequency is a metric well suited to quantify such a coupling. It is a complex-valued quantity, the 
amplitude of which accounts for a stable time delayed coupling between the two time-series. 
However, as previously noticed, this so-called mean square coherence can be dominated by 
spurious zero-lag (i.e. instantaneous) coupling originating from volume conduction and common 
reference [36]. In other words, coherency may detect false interactions between electrodes due to 
volume and surface conduction. While true brain interaction mostly occurs with small delays 
between signals, volume conduction is known to occur in a perfectly timed (zero-lag) manner. 
Therefore, it was proposed to consider the amplitude of the imaginary part of the coherency which 
excludes zero-lag interactions, thus isolating the part of coherency that necessarily reflects true 
non-zero lagged brain interaction [37]. Its value varies between zero (absence of coupling and 
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synchrony) and one (perfect coupling and synchrony). 
In the present study, we computed imaginary coherence metrics using the Brainstorm 
software for each frequency band (delta, theta, alpha, beta 1 and beta 2). We applied the following 
steps to EEG segments: 1) For each 4-s window, the EEG signal of each electrode was Fourier 
transformed; 2) imaginary coherence was computed for every electrode pair for each trial of 4-s,  
in each frequency band; 3) imaginary coherence was averaged for the total length of the selected 
recording for each subject; 4) a Fisher transform was applied to obtain a normal distribution for 
imaginary coherence values [38]; 5) a Fisher-Yates replacement [34] was applied for channels 
previously identified as presenting muscular artefacts (the same 15.7% missing data as for spectral 
analyses). Therefore, we obtained an imaginary coherence mean measure for each subject for all 
possible electrode pairs (17 electrodes x 8 possible combinations = 136), for each of the five 
frequency bands. 
2.5 Statistical Analyses 
SPSS was used for statistical analysis on EEG spectral power and demographic data. OSA and 
controls were compared using independent T-tests for demographic as well as clinical and PSG 
characteristics. We performed Group X Scalp region ANOVAs for each frequency band for 
absolute and relative spectral power. Moreover, we performed a Group X Scalp regions ANOVA 
for the ratio of slow to fast EEG frequencies. 
 For imaginary coherence, we assessed group differences using a Monte Carlo p-value in a 
nonparametric design. Coherence studies generally face methodological challenges as they often 
include large numbers of frequency bins and compare a large number of electrode pairs, which 
creates a multiple comparison problem. Moreover, parametric statistical tests of coherence 
differences rely on a normal distribution. The nonparametric design proposed by Maris & al. [39] 
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is adapted for coherence studies as it does not require data to be normally distributed and allows 
concurrent testing of multiple electrode pairs and frequency bands, therefore bypassing the 
multiple comparison problem. It also allows group sample sizes to be different. 
 In accordance with Maris et al. [39], p-values were compared for each condition to the 
critical alpha-level, which is calculated by randomly partitioning the subjects with their respective 
trials. To do so, the subjects of the two groups were first mixed into a single set and randomly 
partitioned into two surrogate data sets. Then, the test statistic from this random partition was 
calculated. These steps were repeated 10 000 times to construct a histogram of the null-hypothesis 
test statistics. From the test statistic that was observed and this histogram, the proportion of random 
partitions that resulted in a larger test statistic than the observed one was calculated. If this 
proportion, called the Monte Carlo p-value, is smaller than the critical alpha-level (p < 0.01), the 
data in the two groups are considered significantly different. Given the different conditions, 170 
statistical tests (17 electrodes x 5 frequency bands x 2 range’s length) were performed. 
 To better understand the nature of the alterations in functional connectivity, the functional 
links for which the connectivity was changed in the OSA group at p < 0.01 compared to controls 
were correlated to PSG (AHI, mean oxygen saturation, total sleep time and sleep efficiency) and 
neuropsychological variables (Montreal Cognitive Assessment, Verbal Fluency Test– Semantic, 
and Color-Word Interference Test – condition 3) in the OSA group. These PSG and 
neuropsychological variables highly correlated with other similar PSG variables (e.g. number of 
awakenings, minimum oxygen saturation) and neuropsychological variables (e.g. Verbal Fluency 
Test - Phonemic, and Color-Word Interference Test - condition 1, 2 and 4) and were therefore 
selected for our analyses to avoid performing an exaggerated number of correlations that would 





3.1 Demographic and Clinical Characteristics 
This study was part of a larger research program where 139 subjects (with or without OSA) were 
tested with PSG, waking EEG and neuropsychology. Of these, one withdrew and 67 presented at 
least one exclusion criteria, including, including AHI limitations for this study (AHI ≥ 20 and AHI 
≤ 10 respectively). We further excluded 16 OSA and 14 control subjects due to poor EEG 
recording quality (presence of muscular activity or eye movement artefacts or less than 100 
available seconds of clean recording). A total of 19 OSA and 22 control subjects aged between 55 
and 82 years old were therefore included in this study. These subjects did not differ from the 30 
subjects excluded due to poor EEG recording quality on any sociodemographic variable. An 
average of 29.1 ± 2.3 4-s epochs of clean EEG were selected per subject, for an average length of 
clean EEG recording of 116.4 ± 9 seconds. Of the included subjects, six OSA and seven controls 
were diagnosed with mild cognitive impairment after our neuropsychological assessment, based 
on previously described criteria [40]. All these subjects were included in previous studies by our 
group [19,20,41,42]. Table 1 presents group sociodemographic and clinical characteristics. No 
group differences were found for age, sex, education and subjective sleepiness. OSA subjects 
reported poorer sleep than controls according to the Pittsburgh Sleep Quality Index. As expected, 
they had lower oxygen saturation, higher microarousal index, more sleep stage transitions and 
spent more time in stage N1 sleep compared to controls. Even though subjective sleepiness 
reported by the Epworth Sleepiness Scale is higher in the OSA group, this difference was not 
statistically different. The groups differed in none of the neuropsychological tests. 
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3.2 EEG Spectral Analysis 
When ‘Group x Scalp region’ ANOVAs were performed on the absolute and the relative spectral 
power for each frequency band separately, no significant interaction or group effect was found. 
Similarly, when a “Group X Scalp region” ANOVA was performed on the ratio of slow to fast 
EEG frequencies, no interaction or group effect was observed. As expected, multiple scalp region 
effects were found. These effects will not be further detailed, since it is normal that spectral power 
differs between brain regions, which does not relate to an OSA effect. 
3.3 EEG Functional Connectivity 
Results with imaginary coherence revealed significant differences in EEG functional connectivity 
networks between the two groups in four of the five frequency bands. These differences between 
OSA and controls for probability values of p < 0.01 are presented in Figure 1. Globally, OSA 
participants showed increased connectivity for nine pairs of electrodes in three different frequency 
bands, namely delta, theta and beta 1. These increases in connectivity involved mostly local frontal 
networks as well as long-range fronto-parietal networks. More specifically, the F7-F8, F7-P3, F8-
P3 and F7-O1 pairs in the delta band, the C4-T5 pair in the theta band and the F8-F4, F8-Fz, F7-
Pz and C3-O1 pairs in the beta 1 band showed increased connectivity in OSA compared to controls. 
We also found reduced connectivity for four pairs of electrodes in OSA participants compared to 
control subjects for theta, alpha and beta 1. These reductions in connectivity mostly involved 
fronto-temporal regions. More specifically, the F4-T4 and Fz-T4 pairs in the theta band, the F8-
T3 pair in the alpha band and the C4-T6 pair in the beta 1 band showed decreased connectivity. 
 
 13 
3.4 Polysomnographic, Neuropsychological and Sleepiness Correlates of Functional 
Connectivity 
We found significant correlations between PSG variables and imaginary coherence in the OSA 
group only (See Table 2 for statistics). For electrode pairs that showed increased connectivity in 
OSA compared to control participants, we found that increased connectivity correlated with 
reduced sleep efficiency (delta: F7-F8, F7-P3; beta 1: C3-O1) and reduced total sleep time (delta: 
F7-F8; beta 1: C3-O1). In addition, we found that decreased connectivity correlated with reduced 
sleep efficiency (theta: T4-Fz) and increased AHI (theta: F4-T4). No significant correlation was 
found between functional connectivity and neuropsychological variables in the OSA group. 
 
4. Discussion 
This study aimed at verifying whether middle-aged and older adults with untreated OSA showed 
differences in EEG spectral power and functional connectivity during wakefulness. Our OSA 
participants showed no changes in EEG spectral power when tested with a conventional statistical 
approach. They however presented several local and long-range functional connectivity changes 
mainly between frontal, temporal and parietal regions. In fact, we observed increased connectivity 
in the delta, theta and beta-1 bands in OSA participants in frontal and fronto-parietal regions 
compared to controls. These increases were associated with reduced sleep efficiency and decreased 
total sleep time. We also found that OSA participants have decreased EEG connectivity in the 
theta, alpha and beta-1 bands in fronto-temporal regions. These decreases in functional 
connectivity were correlated with reduced sleep efficiency and increased AHI in the night 
preceding the waking EEG. However, none of the functional connectivity patterns correlated with 
scores on neuropsychological tests. 
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4.1 Relationship between OSA and brain health 
Multiple physiological processes including oxidative stress, inflammation, hypertension, 
dysautonomia, impaired glucose metabolism and blood-brain barrier dysfunction may alter brain 
health in OSA (see Gosselin et al., 2018 for a review [2]). Not surprisingly, white matter 
alterations, mainly reduced fiber integrity in vulnerable regions such as the limbic system, basal 
ganglia, cerebellar and part of the cerebral cortex, as well as changes in gray matter structure were 
found in OSA [43,44]. These alterations in brain structure may, with time, increase the risk of 
cognitive decline and mimic some of the alterations seen in Alzheimer’s disease [45,46]. 
Interestingly, white and gray matter alterations as well as beta-amyloid (A) deposition were 
previously related to decreased functional connectivity [15,47].  
 In our sample of participants, however, no cognitive decline was documented in the OSA 
group compared to the control group using neuropsychological tests. Moreover, we found gray 
matter hypertrophy as well as increases in cortical thickness in frontal, parietal and cingulate 
regions and in the amygdala in a study using the current sample [42]. We concluded that this is 
probably resulting from cerebral edema and changes in cellular size or quantity due to hypoxemia. 
We also hypothesized that participants were in a pre-symptomatic stage of the OSA disease 
process characterized by reactive and adaptive cerebral mechanisms rather than neuronal death 
and cognitive decline. Interestingly, in the present study, the increased FC between frontal and 
parietal areas is consistent with regions of gray matter hypertrophy and cortical thickness we 
previously found in our sample. Whether these changes in FC will further evolve into cognitive 
decline needs to be investigated in a longitudinal study. 
 While we mostly found FC increases between the frontal and parietal regions, we also 
found decreased connectivity between frontal and temporal regions in our OSA group, which was 
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related to increased AHI. Similar results of simultaneous increases and decreases in FC were 
previously found in OSA (see Khazaie, 2017 for a review [48]). Notably, in Park et al. (2016) [49], 
widespread increases (in 64 functional connections) and decreases (in 49 functional connections) 
in cortical FC were found. Some authors interpreted increases in FC as mechanisms of brain 
functional compensation to prevent cognitive dysfunction, in which unaltered regions of the brain 
palliate for deficits observed elsewhere [16,17]. We cannot exclude the possibility of such 
compensatory mechanisms in our sample; this would be in line with recent theories and evidence 
about functional compensation in the early stages of neurodegenerative conditions [50,51] and 
would explain why we did not find group differences in neuropsychological deficits despite 
decreased connectivity in fronto-temporal areas in OSA. However, increased connectivity must be 
interpreted with caution in a non-task related context, as the brain activity is not focused on a single 
objective and may therefore be influenced by other uncontrolled cerebral mechanisms such as 
having specific personal thoughts or initiating a movement [52]. Moreover, this increased 
connectivity could also reflect an attempt to fight sleepiness in the OSA group. 
4.2 Relationships between sleep and waking EEG functional connectivity 
In non-OSA individuals, sleep deprivation was associated with multiple FC changes in waking 
EEG and functional magnetic resonance imaging [53-58]. Notably, an EEG study evaluating the 
effects of a 36-h sleep deprivation revealed widespread cortico-cortical functional connectivity 
increases that were proportional to the number of hours spent awake [53]. In functional magnetic 
resonance imaging, previous studies [54-56] found decreased FC in sleep deprivation (mainly in 
the default mode network), but more recent studies mainly found increased FC in multiple intra- 
and inter-hemispheric cortical regions including those of the default mode network and the 
sensorimotor network [57,58]. These studies showing increased FC used innovative methods such 
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as the voxel-mirrored homotopic connectivity or the dynamic functional connectivity as well as 
extensive analyses such as testing effects with or without whole brain signal regression. Such 
increases were hypothesized as the compensatory involvement of brain areas to reduce cognitive 
performance deterioration while under high sleep pressure [58]. Considering these results and the 
relationship between imaginary coherence, sleep efficiency and total sleep time, functional 
connectivity changes could be partly due to sleep architecture alterations in our OSA group. 
4.3 Spectral analysis 
In the present study, no changes were found in OSA EEG spectral composition. These results 
diverge from most of those reported in a recent literature review in which five out of seven studies 
found higher absolute and relative EEG power in slow frequency bands (delta and theta) during 
wakefulness, while four studies reported a higher EEG cortical slowing ratio 
((delta+theta)/(alpha+beta) absolute power) [11]. Here, we used the same methodology as in 
Mathieu et al. (2007) [33], one of the studies reported in D’Rozario et al. (2017) [11]. In Mathieu 
et al. (2007), OSA patients had higher cortical slowing ratios in all cortical regions when compared 
to controls. The participants, however, differed from our sample. In fact, they had more severe 
OSA, with mean AHI of 46.9 in the younger and 42.8 in the older group (compared to 35.6 in the 
present study). Their subjects also had more oxygen desaturation and more arousals than our 
subjects. This may explain why we did not find statistically significant differences in spectral 
analysis in our sample. This also further supports the possibility of a pre-symptomatic stage of the 
OSA disease process in our sample. 
4.4 Strengths and limitations 
The non-parametric procedure we used for EEG connectivity bypasses the multiple comparisons 
problem and thus offers the possibility to investigate connectivity in all available pairs of 
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electrodes. We therefore obtained a complete portrait of EEG connectivity in OSA individuals. 
Also, imaginary coherence is a very conservative connectivity metric, which contributes to the 
reliability of our results. Using this metric, our results are representative of true brain interactions 
and exclude the possibility of connectivity overestimation due to EEG volume conduction and 
subsequent zero-lag signal influence [36]. However, given that it is strict, imaginary coherence is 
likely to miss at least parts of the brain interactions [36].  
 The restricted spatial resolution of the EEG limited the interpretability of functional 
connectivity changes between specific cortical regions. However, the use of EEG for assessment 
of cerebral functioning comes with a high temporal resolution and was demonstrated useful for the 
detection of subtle functional patterns, enabling the early detection of neurodegenerative brain 
dysfunctions [59]. 
 To obtain reliable results, we had to exclude subjects with five or more channels affected 
by artefacts or with less than 100 seconds of clean EEG data. Since subjects with EEG artefacts 
may be those with difficulties to stay awake during the recording, excluding them could have 
reduced the significance of our results. Conversely, to include as many patients as possible in the 
analyses, we included subjects with up to five EEG channels affected by muscular artefacts, 
removed the data from the affected channels and estimated these values using the Fisher-Yates 
replacement. We also applied a correction for cardiac artefacts to further prevent the 
overestimation of connectivity values in OSA patients.   
Finally, we used a criterion of AHI ≤ 10 for our control group, but this definition includes 
not only non-apneic (AHI < 5), but also mild OSA (typically AHI between 5 and 15). When using 
standard criteria of AHI < 5, up to 90% of men and 78% of women are diagnosed with OSA [1]. 
In our sample of 139 participants, only a few participants met the AHI < 5 criterion. We therefore 
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decided to use AHI ≤ 10 for our “control” participants and AHI ≥ 20 for our OSA group. Our two 
groups were statistically different for AHI (OSA: 35.6 ± 12.6 and Control: 4.0 ± 2.8, p < 0.001), 
as well as for all sleep fragmentation and oxygen saturation variables. 
 
5. Conclusions 
In our sample of middle-aged and older individuals with OSA, we were able to detect changes in 
EEG functional connectivity that were associated with sleep efficiency and total sleep time, but 
not with cognitive decline. This study confirms that our non-parametric imaginary coherence 
method was sensitive enough to detect subtle changes in brain functioning. Increased imaginary 
coherence was mostly found between frontal and parietal regions, while decreased imaginary 
coherence was mostly found between frontal and temporal regions. These changes were 
independent of neuropsychological deficits, suggesting they are related to other mechanisms such 
as sleep alterations. Whether OSA treatment could reduce or reverse this abnormal brain 
functioning will need to be tested. Moreover, we will need to evaluate whether individuals who 
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Demographic, mood and sleep, polysomnographic and neuropsychological characteristics 
Variables OSA           
n = 19 
Controls             
 n = 22 
t values p values 
Demographic     
Age (years) 63.6 ± 6.4 63.6 ± 6.7 -0.002 .998 
Sex (N) 16M : 3F 15M : 7F χ²: 1.4 .190 
Education (years) 15.3 ± 4.3 15.2 ± 3.2 0.07 .945 
Body Mass Index (kg/m2) 30.7 ± 3.7 26.4 ± 3.6 3.8 .001*** 
     
Mood and sleep questionnaires     
Beck Depression Inventory 8.4 ± 5.7 5.6 ± 4.8 1.8 .078 
Beck Anxiety Inventory 4.9 ± 4.5 4.2 ± 4.7 0.2 .818 
Epworth Sleepiness Scale 9.5 ± 4.5 6.7 ± 4.6 2.0 .05* 
Pittsburgh Sleep Quality Index 6.6 ± 4.0 3.6 ± 2.4 2.9 .006** 
     
Polysomnographic     
Apnea Hypopnea Index 35.6 ± 12.6 4.0 ± 2.8 11.5 < .001*** 
Mean O2 saturation 94.0 ± 1.0 95.0 ± 0.8 -3.3 .002** 
Minimum O2 saturation 81.0 ± 8.1 88.9 ± 3.1 -4.3 .001*** 
Time with O2 saturation  
< 90% (min.) 
16.6 ± 20.7 0.4 ± 0.8 3.7 .001*** 
Total sleep time (min.) 376.6 ± 56.9 380.8 ± 45.8 -0.3 .793 
Sleep latency (min.) 14.4 ± 19.4 15.3 ± 14.8 -0.2 .867 
Sleep efficiency (%) 79.5 ± 9.7 80.2 ± 8.5 -0.2  .815 
Sleep stage 1 (%) 28.3 ± 14.4 17.4 ± 5.1 3.3 .002** 
Sleep stage 2 (%) 52.5 ± 12.2 57.7 ± 7.4 -1.7 .104 
Sleep stage 3 (%) 5.4 ± 4.2 8.4 ± 8.0 -1.5 .152 
Rapid Eye Movement sleep (%) 13.8 ± 5.2 16.5 ± 4.4 -1.8 .077 
Microarousal index 20.9 ± 8.3 12.3 ± 5.1 4.0 < .001*** 
Number of sleep stage transitions 301.6 ± 76.4 228.5 ± 56.0 3.5 .001 
     
Neuropsychological     
Montreal Cognitive Assessment 26.5 ± 2.9 28.0 ± 2.5 -1.7 .094 
Verbal Fluency Test – semantic 37.2 ± 8.4 40.1 ± 7.7 -1.1 .269 
Verbal Fluency Test – phonemic 35.3 ± 8.4 42.8 ± 15.0 -1.9 .059 
Memory span1 16.4 ± 4.4 17.1 ± 4.3 -0.5 .650 
Rey-Osterrieth Complex Figure 47.6 ± 8.6 53.4 ± 10.8 -1.9 .071 
Color-Word Interference Test 
(seconds) 
    
   Condition 1 32.4 ± 4.9 30.6 ± 4.7 1.2 .245 
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   Condition 2 21.8 ± 3.5 21.2 ± 3.4 0.6 .573 
   Condition 3 60.9 ±10.0 60.6 ± 15.8 0.1 .934 
   Condition 4 64.0 ± 14.0 66.6 ± 17.0 -0.5 .588 
Trail Making Test (seconds)     
   Part A 36.5 ± 8.6 36.0 ± 13.7 0.1 .886 
   Part B 87.3 ± 35.4 83.0 ± 51.3 0.3 .760 
OSA: Obstructive sleep apnea. Statistically significant p values are specified as follows: * p < .05; ** p < .01; *** p 
< .001. 






Table 2    
Correlations between imaginary coherence and sleep in OSA 
subjects 
   r values p values 
Sleep Efficiency Delta F7-F8 -.55 .014* 
  F7-P3 -.46 .046* 
              Theta T4-Fz  .51 .026* 
             Beta1 C3-O1 -.52 .022* 
Total sleep time Delta F7-F8 -.51 .028* 
 Beta1 C3-O1 -.51 .026* 
Apnea Hypopnea Index Theta F4-T4 -.51 .025* 
Mean O2 saturation   All ns  
Epworth Sleepiness Scale Beta1 F4-F8 -.54 .018* 
ns: non-significant; OSA: Obstructive sleep apnea. Statistically significant p values are specified  





Figure 1 - Electrode pairs showing statistically significant differences between 
OSA and control groups in the delta, theta, alpha and beta 1 frequency bands 
using imaginary coherence (p < .01); red links represent higher connectivity in 
the OSA group, blue links represent lower connectivity in the OSA group. 
Results in the beta 2 band are not displayed since no statistically significant 
connectivity difference was found within this band. Electrodes in light gray were 
not included in the analyses. 
